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(57) ABSTRACT

A method for checking the plausibility of a torque of an
electric machine, calculated on the basis of a machine model,
in which a first value of an electromagnetic power of the
electric machine is determined from the calculated torque and
a rotational speed of the electric machine. Stator current
components and stator phase voltage components are calcu-
lated from the stator currents and the stator phase voltages
with respect to a reference system, which is fixed in relation
to the stator. A second value of the electromagnetic power of
the electric machine is determined from the stator current
components and the stator phase voltage components. If a
deviation of the first value of the electromagnetic power of the
electric machine from the second value exceeds a predefined
power threshold value, the torque of the electric machine,
calculated on the basis of the machine model, is classified as
implausible.

15 Claims, 1 Drawing Sheet
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1
METHOD FOR CHECKING THE
PLAUSIBILITY OF THE TORQUE OF AN
ELECTRIC MACHINE AND MACHINE
CONTROLLER FOR CONTROLLING AN
ELECTRIC MACHINE AND FOR CARRYING
OUT THE METHOD

FIELD OF THE INVENTION

The present invention relates to a method for checking the
plausibility of a torque, calculated on the basis of a machine
model, of an electric machine and a machine controller for
controlling an electric machine and for carrying out the
method.

BACKGROUND INFORMATION

Electric machines in the form of polyphase machines oper-
ated in conjunction with inverters are usually used to drive
hybrid vehicles or electric vehicles. The electric machines are
operated optionally in motor mode or in generator mode. In
motor mode, the electric machine generates a driving torque
which supports an internal combustion engine when used in a
hybrid vehicle, for example, during an acceleration phase. In
generator mode, the electric machine generates electrical
energy, which is stored in an energy storage such as a battery
or a Super-Cap, for example. The mode and performance of
the electric machine are adjusted via the inverter with the aid
of a control unit—often referred to as a machine controller.

Conventionally, continuous torque monitoring is carried
out to discover malfunctions in a machine controller of an
electric machine. This is used in particular to protect vehicle
occupants and external traffic participants. An excessive rise
in torque and a resulting inadvertent acceleration or decelera-
tion of the vehicle are to be prevented. The core of continuous
torque monitoring is the comparison of an actual torque sup-
plied by the electric machine with an allowed torque. In the
normal case, the actual torque is lower than the allowed
torque. If the actual torque exceeds the allowed torque, an
error is present in the machine controller of the electric
machine, and an error response, which results in a safe vehicle
condition, is initiated.

In conventional vehicles, the torque of the electric machine
is usually calculated on the basis of a mathematical machine
model. Consequently, the object of torque monitoring is to
check the plausibility of the electromagnetic torque calcu-
lated by a machine controller on the basis of a model.

PCT Application No. WO 2007/025839 Al describes a
method for controlling a vehicle drive unit having at least two
individual engines, in which a total actual torque is continu-
ously compared with an allowed total torque. The total actual
torque is calculated from individual actual torque values of
the at least two individual engines, and the allowed total
torque is calculated from allowed individual torque values of
the at least two individual engines. An error response is ini-
tiated when the comparison yields the result that the total
actual torque is higher than the allowed total torque.

SUMMARY

In the method according to the present invention for check-
ing the plausibility of a torque calculated on the basis of a
mathematical machine model of an electric machine, a first
value of an electromagnetic power of the electric machine is
determined as a function of the calculated torque and a rota-
tional speed of the electric machine. Furthermore, stator cur-
rents—frequently also referred to as phase currents—and
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stator phase voltages—{frequently also referred to as stator
voltages or phase voltages—are ascertained in the phases of
the electric machine. Stator current components and stator
phase voltage components are calculated from the stator cur-
rents and the stator phase voltages with respect to a reference
system which is fixed in relation to the stator. Depending on
the stator current components and the stator phase voltage
components, a second value of the electromagnetic power of
the electric machine is determined and is subsequently com-
pared with the first value of the electromagnetic power of the
electric machine. If this reveals that the second value of the
electromagnetic power of the electric machine deviates from
the first value of the electromagnetic power of the electric
machine by more than a predefined threshold value, then the
torque calculated on the basis of the machine model of the
electric machine is classified as implausible and consequently
a malfunction of the machine controller is detected. The elec-
tric machine may be converted to a safe operating state or may
be shut down entirely as a result of the error detection.

The plausibility check of the electromagnetic torque cal-
culated on the basis of the machine model is thus based
generally on a power balance between a machine model-
based ascertained power (first value of the electromagnetic
power) and a sensor-based ascertained comparative power.
The second value of the electromagnetic power, which is used
as the comparative power, is calculated on the basis of the
stator currents and stator phase voltages of the electric
machine, in particular a synchronous, asynchronous, reluc-
tance or brushless dc current machine. A measurement of the
link current and thus a corresponding current sensor system is
not necessary to ascertain the comparative power, which
reduces costs.

In the example method according to the present invention,
the flux angle also does not enter into the calculation of the
comparative power. This offers the additional possibility of a
plausibility check of the flux angle with the aid of the calcu-
lated sensor-based ascertained comparative power.

According to one specific embodiment of the present
invention, the machine model specifies a pole pair number, a
direct-axis current, a cross current, an excitation flux and
direct-axis and cross inductances of the electric machine from
which the torque of the electric machine is calculated. The
direct-axis and cross currents of the electric machine denote
stator current components in the two orthogonal directions of
a field-oriented reference system and represent stator current
setpoint values as a function of the type and condition of the
electric machine. The direct-axis and cross inductances refer
to machine-specific stator inductances in the two directions of
the field-oriented reference system.

According to one specific embodiment of the present
invention, at least one of the stator currents is measured, and
all stator currents which are not measured are model-based
calculated, utilizing the symmetry properties of the stator
currents.

If all stator currents are measured with the aid of current
sensors, it is possible to detect an error in the current sensor
system by analyzing the stator currents. This makes use of the
fact that the total of the stator currents must be zero in an ideal
system, so that an error may be detected if the total of the
stator currents exceeds a predefined first stator current thresh-
old value. Error detection for the current sensor system is
implemented without any additional technical circuitry in this
way.

According to another specific embodiment of the present
invention, the stator phase voltages are ascertained by com-
puter. Generally, an inverter upstream from the electric
machine has a power output stage for each of the phases ofthe
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electric machine; this power output stage also includes power
switching elements. These power switching elements are trig-
gered by the machine controller usually via pulse width
modulated control signals. The pulse duty factors for the
individual phases of the electric machine may be ascertained
directly from these control signals. With the aid of these pulse
duty factors and a link voltage, which is metrologically ascer-
tainable, stator phase voltages may be calculated. Measure-
ment of the stator phase voltages, which is fundamentally also
possible, may be omitted in this way.

In ascertaining the stator phase voltages, error voltages
may also be taken into account, which are advantageously
read out of an error voltage characteristics map as a function
of the stator currents and the link voltage.

According to another specific embodiment of the present
invention, in determining the second value of the electromag-
netic power of the electric machine, a prevailing power loss of
the electric machine is taken into account, this power loss
advantageously being read out of a power loss characteristics
map as a function of the stator currents and the rotational
speed of the electric machine.

At low rotational speeds, it is advisable due to the associ-
ated low power to protect against the critical operating state of
an inadvertent excessive rise in torque via an additional error
path. In the basic rotational speed range of the electric
machine, the absolute value of the maximally effective torque
may be ascertained directly from the absolute value of the
stator current. In error-free operation, the set setpoint torque
corresponds at most to this maximum value. Deviations are
possible, depending on the temperature of the electric
machine and its rotor. Thus, the absolute value of a setpoint
stator current may be ascertained as a function of the absolute
value of the setpoint torque in the basic rotational speed range
of the electric machine. According to one specific embodi-
ment of the present invention, the absolute value of the set-
point stator current ascertained in this way is compared with
the absolute value of an actual stator current, and the torque of
the electric machine calculated on the basis of the machine
model is then classified as being implausible when a deviation
in the absolute value of the setpoint stator current from the
absolute value of the actual stator current exceeds a pre-
defined second stator current threshold value. The absolute
value of the setpoint stator current is advantageously read out
of a stator current characteristics map as a function of the
setpoint torque.

Furthermore, depending on the second value of the elec-
tromagnetic power and of the rotational speed of the electric
machine, it is possible to ascertain the sign of the effective
torque. If the sign of the effective torque is not the same as the
sign of the setpoint torque, then the torque calculated on the
basis of the machine model may also be classified as implau-
sible.

By utilizing the dependence of the torque absolute value on
the absolute value of the stator current in the basic rotational
speed range, an additional error path, which further increases
the operational reliability of the electric machine, is easily
created in this way.

A machine controller according to the present invention for
controlling an electric machine and for carrying out the
method according to the present invention includes an
arrangement for determining a first value of an electromag-
netic power of the electric machine from a torque calculated
on the basis of a machine model and from a rotational speed
of'the electric machine, an arrangement for calculating stator
current components and stator phase voltage components
with respect to a reference system, which is fixed in relation
to the stator, of stator currents and stator phase voltages, an
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arrangement for determining a second value of the electro-
magnetic power of the electric machine from the stator cur-
rent components and the stator phase voltage components, an
arrangement for comparing the first value of the electromag-
netic power of the electric machine with the second value of
the electromagnetic power of the electric machine and an
arrangement for error detection on the basis of the deviation
in the first value of the electromagnetic power of the electric
machine from the second value of the electromagnetic power
of the electric machine.

Additional features and advantages of specific embodi-
ments of the present invention may be derived from the
description below with reference to FIG. 1.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 shows a schematic block diagram of an electric
machine and an inverter having a motor controller in accor-
dance with an example embodiment of the present invention.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

FIG. 1 shows a schematic diagram of a three-phase electric
machine 1, which may be designed, for example, as a syn-
chronous, asynchronous, reluctance or brushless dc current
machine connected to a pulse width modulation inverter 2.
Pulse width modulation inverter 2 includes power circuit-
breakers 3a through 3/, which are connected to individual
phases U, V, W of electric machine 1 and switch phases U, V,
W, either toward a high power supply voltage potential in the
form of a link voltage U,_;,, or a low reference potential in
the form of ground. Switches 3a through 3¢ connected to link
voltage U, ;. are also referred to as “high-side switches” and
switches 3d through 3f'connected to ground are referred to as
“low-side switches.” Pulse width modulation inverter 2 also
includes multiple freewheeling diodes 4a through 4f, each
being situated in parallel with one of switches 3a through 3/

Pulse width modulation inverter 2 determines the power
and operating mode of the electric machine and is triggered
accordingly by a machine controller 5, which is shown only
schematically in FIG. 1 and may also be integrated into the
inverter. Electric machine 1 may optionally be operated in
motor mode or in generator mode.

Pulse width modulation inverter 2 also includes a so-called
link capacitor 6, which is used generally to stabilize the
battery voltage. The vehicle electrical system having a battery
7 is switched in parallel with link capacitor 6.

In the exemplary embodiment shown here, electric
machine 1 has a three phase design but may also have more or
less than three phases. Electromagnetic torque Trqg,,, ., of
electric machine 1 is calculated in the machine controller on
the basis of a mathematical machine model as a function of
the machine-specific parameters pole pair number, direct-
axis current, cross current, excitation flux and direct-axis and
cross inductances of the electric machine using the following
equation:

T19 Erungar=3 P Log WeretHlaLsa L)) (6]

where

Trq 2,104 €lectromagnetic torque of the machine (calculated
from model data)

p pole pair number of the machine

1, direct-axis current of the machine (stator phase voltage in
the d direction of a field-oriented reference system)

L, cross current of the machine (stator phase voltage in the q
direction of a field-oriented reference system)
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Y 2 €Xxcitation flux of the machine
L, L,, stator inductances in the d and q directions of the
field-oriented reference system

Subscript “Mdl” here and below indicates that the corre-
sponding variable is calculated exclusively on the basis of
model data.

It is also possible to carry out the model-based calculation
of' the torque in a unit separate from machine controller 5 and
to make available only the result of the calculation to machine
controller 5.

Afirstvalue of electromagnetic power Pwry,,, ., of electric
machine 1 is calculated according to the equation

@
where n is the rotational speed of electric machine 1, which is
measurable with the aid of a rotational speed sensor, for
example.

As an alternative, rotational speed n may also be calculated
from an angle differential ((a2-al)/(t2-t1)) of the two cur-
rent phasors (II1l-exp(ial) and 12I-exp(ia2)) of electric
machine 1 measured with a time lagto points in time t1 and t2.
Measurement of rotational speed n of electric machine 1 may
be omitted in this way. In addition, for a synchronous machine
it is possible here to make use of the fact that it is capable of
delivering a significant torque over entire electrical revolu-
tions on the average only when triggered synchronously, so
that the rotor is aligned according to the magnetic flux in the
stator and thus according to the current phasor. This means
that a synchronous machine is able to deliver torque over
entire electrical revolutions only if the actual rotational speed
of the electric machine is in synchronization with the angle
differential.

However, if rotational speed n of electric machine 1 is
measured nevertheless, the rotational speed calculated on the
basis of the angle differential may be used for a plausibility
check of the rotational speed signal of the rotational speed
sensor and thus for error detection for the rotational speed
sensor system.

Stator currents I ., 1, and I ;- in phases U, V and W of
electric machine 1 are measured via three current sensors (not
shown in FIG. 1). If the neutral point of the electric machine
is not grounded or if the machine windings are connected in
delta, the total of the stator currents according to equation (3)
must be zero:

P mpgar= TV gmagar 2700

®

This relationship may be used to detect an error in the
current sensor system for measuring the stator currents. The
absolute value of the total current is compared with a param-
eterizable first stator current threshold value 1 ;,,,. An error in
the current sensor system is detected if this threshold value is
exceeded:

Lty =0

L L 4L gl >1, ;= Fehler! )

—Error!

As an alternative to measuring all the phase currents, it is
also possible to measure just one phase current or at least only
some of the phase currents and to calculate the other phase
currents based on a model utilizing the symmetry properties.
However, the plausibility check described and the error detec-
tion in the current sensor system associated with it are then
impossible.

According to equation (5), stator current components I_,
and I ; in the A and B directions of a reference system, which
is fixed in relation to the stator—hereinafter referred to as the
A/B system—are calculated from stator currents 1, 1 ;-and

Loy~
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Isp 2 0 ! _ _1 I
V3 3 W

With the aid of a flux angle o, which is either measured or
calculated based on a model, two current components I, and
L, in the d direction (longitudinal direction) and the q direc-
tion (transverse direction) of a field-oriented reference sys-
tem—hereinafter referred to as the d/q system—may be cal-
culated from stator current components [, and I z, in the A/B
system which is fixed in relation to the stator (cf. equation
(6)). These stator current components I, and I, in the d/q
system are used as feedback variables during control of elec-
tric machine 1.

(r ()

Flux angle o, represents the flux angle in the A/B system,
which is fixed in relation to the stator.

COSQpy  SINApy (6)

] (—sinozﬂx COSQ

Pulse duty factors dyc,,, dyc, and dyc,, for individual
phases U, V and W may be ascertained directly from the pulse
width-modulated trigger signals of power circuit-breakers 3a
through 3f. Effective stator phase voltages U ., U -and U .
may be reconstructed with the aid of these pulse duty factors.
A prevailing link voltage U, . must therefore also be mea-
sured. According to an advantageous specific embodiment of
the present invention, prevailing error voltages U, . z..., Uz,
and Uy, must also be taken into account, these voltages
advantageously being read out of a characteristics map as a
function of error voltages I ., I ;- and 1 ;- and link voltage
U jere Brror voltages U, .. Uy and U, - here are due
to down times and nonideal switching behavior by power
circuit-breakers 3a through 37

Stator phase voltages U, U, and U, are thus obtained
as follows:

Usu dycy, Usugrr )
Usy | = cpwn - Uderm -| dyey | +| Usven
Usw dycy Uswerr

where
CpuasTtactor for converting link voltage U, . into a maxi-
mum possible machine voltage

and

Usvern=KF L Ugornid) (8.1)

Usverr=KEU v Ugern) (8.2)

Uswzrr=KF Uiy Ugernie) (8.3)

where KF here and below means that the variable is stored in
a characteristics map as a function of the variables given in
parentheses.

Finally, both phase voltage components U_, and U, of the
stator in the A/B system, which is fixed in relation to the
stator, are determined according to equation (9):
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( ] =— 1 1 Usy
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With the aid of stator current components I_, and I 5 and
stator phase voltage components Ug, and Uy in the A/B
system, which is fixed in relation to the stator, an electrical
active power Pwr ., of electric machine 1 may be calculated
according to equation (10):

Pwr, =3-U_1I cos ¢=3-(U_ 41 +U 51 10
EiMa s satlsatUsp'lsp

Power loss Pwr ;.7 .- 0f the electric machine according to
equation (11) is advantageously stored in a characteristics
map as a function of the absolute value [ of the stator current
and rotational speed n:

PWFgpgaros=KEUI 1) (11

Absolute value I of the stator current may be ascertained
via the geometric sum of the two orthogonal stator phase
voltage components I, , and [ _; of the A/B system.

1N 12)

Second value Pwry,,s.,.. of the electromagnetic power of
electric machine 1 is thus obtained as follows:

13)

Subscript “Sens” indicates that only sensor data but no
model data are used to calculate the power.

The plausibility check of electromagnetic torque Trq,,,.
calculated with the aid of the machine model takes place via
a power balance in which the power generating the electro-
magnetic torque is determined from the machine model
according to equation (2) on the one hand and from the sensor
data according to equation (13) on the other hand.

A power error may be calculated from the difference
between these two values:

PWIEmSens=PWrEinga=P WY Etngat.os

PWIg, =PWE g gar PWY gmsens (14)

where this power error is zero in the ideal case and assumes
small values during normal operation. If the absolute value of
power error Pwr,, calculated in this way exceeds a pre-
defined parameterizable power threshold value Pwrg,,;, ..,
then the torque calculated on the basis of the machine model
is classified as implausible and an error is detected accord-

ingly:

|Pwr g, |>Pwrg,,1..,— Fehler!

15
—Error!

As a result of this error detection, an equivalent reactance
may then be initiated, ensuring reliable operation of electric
machine 1.

At low rotational speeds, it is advisable due to the associ-
ated low powers to protect against the critical operating state
of an inadvertent excessive rise in torque via an additional
error path.

In the basic rotational speed range, the absolute value of a
maximally effective torque may be ascertained directly from
absolute value I of the stator current. The absolute value of
the stator current may in turn be ascertained via the geometric
total of the two orthogonal stator current components in the
A/B system, which is fixed in relation to the stator, according
to equation (12). The dependence of the absolute value of the
maximally effective torque on the absolute value of the stator
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current may advantageously be stored in a characteristic line
and is characteristic for each type of machine. It holds here
that:

(16)
In error-free operation, the set torque corresponds pre-
cisely to this maximal value. Each required setpoint torque

Trqz,.pes Of corresponding stator current setpoint I, may
be determined via the inverse function.

Lpes= KL (T g pes)

As long as a current error [ .. (cf. equation (18)) remains
below a predefined parameterizable second stator current
threshold value 1 z,, /.., the absolute value of effective torque
Trq,, is less than or equal to the absolute value of setpoint
torque Trq,,p.s- Otherwise an error case is to be detected:

(18)

1779 B A= T W Bttt =KL (L)

a7

L =Lipes;

=L g | Tt < T g s 19

17,

sErr

1>1,z,1:m— Fehler! (20)

—Error!

Furthermore, the sign of effective torque Trq,, may also be
checked. This is done as shown in equation (21) with the aid
of the sign of electromagnetic power Pwr,, ..,  according to
equation (13) and rotational speed n of electric machine 1:

sgn(PWrEmSens) 21

sgn(Trgg,,) = e

An error is also detected if the sign calculated in this way
does not match the sign of setpoint torque Trqz,,. e

sen(T¥q g, =sgn( T¥q 5, p..)— Fehler! (22)

—Error!

As shown by equations (19) and (22), the case when the
absolute value of effective torque Trq,, is smaller than the
absolute value of setpoint torque Trqz,, 5., does not automati-
cally result in error detection via the additional error path
described here. However, this less critical error case may also
be covered via the power balance according to the present
invention in the basic rotational speed range.

What is claimed is:

1. A method for checking plausibility of a calculated torque
of'an electric machine, the calculated torque calculated on the
basis of a machine model, comprising:

determining a first value of an electromagnetic power of

the electric machine from the torque calculated on the
basis of the machine model and a rotational speed of the
electric machine;

ascertaining stator currents and stator phase voltages in

phases of the electric machine;

calculating stator current components and stator phase

voltage components from the stator currents and the
stator phase voltages with respect to a reference system
which is fixed in relation to the stator;

determining a second value of the electromagnetic power

of the electric machine from the stator current compo-
nents and stator phase voltage components;

comparing the first value of the electromagnetic power of

the electric machine with the second value of the elec-
tromagnetic power of the electric machine; and
classifying the torque of the electric machine, calculated on
the basis of the machine model, as being implausible ifa
deviation of the first value of the electromagnetic power
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of the electric machine from the second value of the
electromagnetic power of the electric machine exceeds a
predefined power threshold value.

2. The method as recited in claim 1, wherein a pole pair
number, a direct-axis current, a cross current, an excitation
flux and a direct-axis inductance and a cross inductance of the
electric machine are predefined by the machine model, the
calculated torque of the electric machine being calculated
therefrom.

3. The method as recited in claim 1, wherein the rotational
speed of the electric machine is measured.

4. The method as recited in claim 3, wherein the rotational
speed is ascertained from an angle differential of two current
phasors measured with a time lag.

5. The method as recited in claim 1, wherein at least one of
the stator currents is measured and all stator currents not
measured are ascertained by computer.

6. The method as recited in claim 1, wherein all of the stator
currents are measured, and an error is detected in the mea-
surement of the stator currents if a total of the stator currents
exceeds a predefined first stator current threshold value.

7. The method as recited in claim 1, wherein the stator
phase voltages are ascertained by computer, including ascer-
taining pulse duty factors of individual phases of the electric
machine, and a link voltage is measured and the stator phase
voltages are calculated from the pulse duty factors and the
link voltage.

8. The method as recited in claim 7, wherein prevailing
error voltages are taken into account in ascertaining the stator
phase voltages.

9. The method as recited in claim 8, wherein the prevailing
error voltages are read out of an error voltage characteristics
map as a function of the stator currents and the link voltage.

10. The method as recited in claim 8, wherein a prevailing
power loss of the electric machine is taken into account in the
determining of the second value of'the electromagnetic power
of the electric machine.

11. The method as recited in claim 10, wherein the prevail-
ing power loss of the electrical machine is read out of a power
loss characteristics map as a function of an absolute value of
the stator current and a rotational speed.

12. The method as recited in claim 1, wherein an absolute
value of a setpoint stator current is ascertained as a function of
an absolute value of a setpoint torque in a basic rotational
speed range of the electric machine, the absolute value of the
setpoint stator current is compared with an absolute value of
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the stator current and the torque of the electric machine cal-
culated on the basis of the machine model is classified as
being implausible if a deviation in the absolute value of the
setpoint stator current from the absolute value of the actual
stator current exceeds a predefined second stator current
threshold value.

13. The method as recited in claim 12, wherein the absolute
value of the setpoint stator current is read out of a stator
current characteristics map as a function of the setpoint
torque.

14. The method as recited in claim 13, wherein a sign of an
effective torque is ascertained as a function of the second
value of the electromagnetic power of the electric machine
and of the rotational speed, and the torque calculated on the
basis of the machine model is classified as being implausible
if a sign of the effective torque is not equal to a sign of the
setpoint torque.

15. A machine controller for controlling an electric
machine to check plausibility of a torque of an electric
machine calculated on the basis of a machine model, com-
prising:

a sensor; and

processing circuitry communicatively coupled to the sen-

sor for obtaining from the sensor a measured indication

of arotational speed of the electric machine, wherein the

processing circuitry is configured to:

determine a first value of an electromagnetic power of
the electric machine from a torque calculated on the
basis of a machine model, and from the rotational
speed of the electric machine;

calculate stator current components and stator phase
voltage components with respect to a reference sys-
tem, which is fixed in relation to the stator, of stator
currents and stator phase voltages;

determine a second value of the electromagnetic power
of the electric machine from the stator current com-
ponents and the stator phase voltage components;

compare the first value of the electromagnetic power of
the electric machine with the second value of the
electromagnetic power of the electric machine; and

detect errors on the basis of a deviation of the first value
of the electromagnetic power of the electric machine
from the second value of the electromagnetic power
of the electric machine.

#* #* #* #* #*



